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Abstract— Integrating Photovoltaic (PV) systems with battery 
energy storage in the distribution network will be essential to 
allow for continued uptake of domestic PV system installations. 
With increasing concerns regarding environmental and climate 
change issues, incorporating sources of renewable energy into 
power networks across the world will be key for a sustainable 
future.  Australia is well placed to utilise solar energy as a 
significant component of its future energy generation and within 
the last 5 years there has been a rapid growth in the penetration 
levels seen by the grid.   This growth of PV systems is causing a 
number of issues including intermittency of supply, negative 
power flow and voltage rises.   Using the simulator tool 
GridLAB-D with a model of a typical South-East Queensland 
(SEQ) 11 kV distribution feeder, the effect of various 
configurations of PV systems have been offset with Battery 
Energy Storage Systems (BESS). From this, combinations of PV 
and storage that are most effective at mitigating the issues were 
explored. 
 
Index Terms- Energy Storage, Photovoltaic systems, Power grids  
 
I. INTRODUCTION  
Integrating BESS with PV systems will be essential to 
allow for continued uptake of domestic PV system 
installations. Due to environmental and climate change 
concerns, incorporating sources of renewable energy into 
power generation will be essential for a sustainable future. In 
order to meet the Mandatory Renewable Energy Target 
(MRET) of 20% by 2020 [1] there will need to be a 
significant increase in the amount of renewable sources in the 
SEQ Network. PV systems are a natural choice for the 
Eastern Australian coastal environment and climatic 
conditions.  Initially encouraged by feed-in tariffs, residential 
grid connected PV systems continue to be financially 
economic despite the removal of these tariffs due to 
reductions in the capital cost of system components and rising 
electricity tariffs [2].  However, there are a number of issues 
that are associated with PV systems that pose restrictions on 
future growth, including voltage rise and intermittency of 
supply [3].  
The addition of energy storage can ameliorate these 
problems, improve energy security and generally lead to a 
more integrated and optimized system [4]. Various energy  
 
 
storage systems have different costs, deploy best at certain 
scales, and have various efficiencies and energy and power 
densities.  Figure 1 displays the effective charge / discharge 
time scales and power ratings for various forms of energy 
storage systems. Systems such as pumped hydro and 
Compressed Air Energy Storage (CAES) are clearly not 
suited for installation at residential level, while flywheel and 
double layer capacitors technologies are generally optimal for 
peak power delivery, rather than energy storage over periods 
of hours.   
 
Figure 1.  Energy storage systems performances [5]. 
 
Battery systems of various chemistries are well suited to 
residential and commercial or distribution scale PV support.   
Figure 1 shows redox flow and Sodium Sulphur (NaS) battery 
systems are best suited to energy storage duty, while Lead 
acid and lithium chemistries (not shown) can also deliver 
high peak powers if required.  During days of intermittent 
Solar resource, this fast discharge capability can be used to 
cope with the rapid changes in power delivered by PV 
systems yet still have the ability to discharge over a few hours 
when acting to reduce the peak load requirements. From this 
varied range of timing requirements energy storage systems 
can work together to produce a stable and regulated network 
that one day may even be able to standalone from the larger 
network [6].  While other mitigating alternatives generally 
only improve one aspect of PV issues, by including batteries 
it will work to improve a range of issues introduced by PV. 
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This study will focus on introducing Battery Energy 
Storage Systems (BESS) to improve the key issues of 
intermittency, voltage rise, voltage regulation, increasing 
difference between midday and peak loads and reverse power 
flow. Using GridLAB-D to simulate a typical feeder on the 
SEQ network, combinations of BESS and PV were compared 
in order to provide the most effective mitigation of the 
restricting issues. 
II. INTEGRATION ISSUES OF ROOFTOP PV UNITS 
The integration issues with the South East Queensland 
Grid have been accentuated by an increasing capacity of PV 
systems being connected.  Since January 2010, the installed 
capacity of solar panels on the network has increased from 
negligible capacities to over 650 MW in June 2013, as shown 
in Figure 2. 
Figure 2.  Grid connected PV capacity on the Energex Network [7]. 
This rapid introduction of domestic rooftop solar 
panels has led to a characteristic change in the standard load 
curve. This change is most apparent during the middle of the 
day when the sun’s radiance is at it’s highest and causes a 
significant load reduction.  This is evident in Energex’s data 
of a Currimundi Feeder (Figure 3) where the drop in demand 
during the middle of the day has arisen from an increasing PV 
capacity on the feeder. The day load has dropped below the 
nighttime trough however the night peak load requirement 
remains unchanged. 
 
Figure 3.  PV impacts on a Currimundi Feeder on the Energex Network [7]. 
 
The growth of PV systems on the Currimundi Feeder has 
continued, and now results in reverse power flow on some 
days [15].  No adverse effects on the protection systems at the 
substation have been reported.  However, the increasing 
swing from minimum to peak load and the inherently 
intermittent power supply of PV Panels causes issues with 
voltage regulation on feeders with high concentrations of PV.  
This many impose problems as the SEQ distribution network 
has a statutory voltage regulation of 240 V ±6%; so the 
voltage delivered to customers must be between 225.6 and 
254.4 V [2].  Energex is “investigating the introduction of the 
230 volt Australian Standard proposal which specifies a 
tolerance range of 230 volt +10% to -6% (216 volt to 253 
volt)” [7], as one mechanism to ease the growing voltage 
regulation problem. 
The increasing difference in load also affects the shape of 
the Load Duration Curve (LDC), shown in Figure 4. If the 
midday load decreases below the nighttime trough the low 
load will be pulled down.  
 
Figure 4.  LDC on the Energex Network [8]. 
 
Energex forecasts the maximum demand will rise slowly, 
between 500 to 1500 MW over the next 5 years (Figure 5).  
The increase in peak demand will change the shape of the 
LDC further.  This will require capacity upgrades to the 
network, to meet rising maximum demand, resulting in high 
capital costs for Energex and increases in energy prices [9].  
 
 
 
 
Figure 5.  Maximum Demand forecast on the Energex Network [7]. 
Energex Load Duration Curve 
Energex Currimundi Feeder Load Profile 
Energex predicted demand growth 
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In order to smooth out both the daily load curve and the 
load duration curve and reduce the capacity upgrade 
requirements, a BESS can be implemented to store the energy 
during periods of low load and supply at the peak times. The 
benefits of introducing BESS can be seen below in Table I. 
The benefits of battery energy storages range from 
improvement in power quality to system stability.  
 
TABLE I        ENERGY STORAGE BENEFITS/IMPROVEMENTS ON THE 
NETWORK [10] 
 
Generation Distribution 
Peak Shaving Power Quality 
Level Demand Voltage Control 
Voltage Control System Stability 
Assist ramping period System Reliability 
Increase renewables use  
 
The simulation tool GridLAB-D With the expected 
benefits from integrating BESS into both generation and 
distribution, the effects can be verified using simulations in 
GridLAB-D. 
III. MODEL AND SOFTWARE TOOLS  
GridLAB-D was the software used to generate the models, 
the program simulation models changes independently while 
capturing interactions between the different components [11]. 
It incorporates advanced load modelling techniques, with 
high-performance solution algorithms to deliver end-use load 
modelling, coupled with power system models, market 
models and distribution automation models [11].  
The 11 kV feeder was modelled with twelve distribution 
transformers, each 200 kVA, each with 48 LV customers. To 
reduce line imbalance on the feeder, the Phase Balanced Line 
Configuration [12] was utilized. The PV penetration on the 
feeder is measured by the power rating of all of the panels as 
a percentage of the distribution transformers’ total capacity. 
The PV configuration cases shown in Table II will be 
compared and combined with battery combinations shown in 
Table III.  The total installed BESS capacity on each of the 
LV lines will be approximately 150 kWh so that it remains at 
a practical sized unit and cost. 
TABLE II      PV CONFIGURATIONS FOR SIMULATIONS 
 
% PV  LV System Configuration 
0 No PV on any of 48 houses per 200 kVA Tx 
9 PV (3kW each) on 1/8 of the houses (6 of 48) 
12 PV on 1/6 of the houses (8 of 48) 
24 PV on 1/3 of the houses (16 of 48)  
36 PV on 1/2 of the houses (24 of 48) 
72 PV (3kW each) on every house (all 48)  
 
TABLE III     BATTERY CONFIGURATIONS FOR SIMULATION 
 
Case Configuration 
1 2 x 72 kWh batteries 4 houses from end of line 
2 2 x 48 kWh batteries 4 houses from end and       2 x 24 kWh batteries at start 
3 12 x 12.5 kWh batteries spaced 4 houses apart 
To reduce variables, design assumptions included: 
1) Customers: consume 20 kWh each day, have constant 
power loads and the same load profiles. Those with 
PV have a 3 kW system as this was calculated as the 
average system size in Energex’s network at the time 
of the study [12]. 
2) A typical summer residential load profile will be 
modelled, as this is when and where the effects of the 
PV systems on the grid will be most prevalent. 
3) 3-phase distribution network layout with no 3-phase 
customers on the lines. Customers on the 10 middle 
distribution transformers of the feeder can be 
modelled as aggregated loads with the first and last 
transformers and their LV branches modelled in their 
entirety. 
4) PV panel efficiency is 16% and the inverter efficiency 
is 90% leaving a total system efficiency of 14.4% and 
a 3 kW system requires an area of 20m2 [13]. 
5) The BESS control system works on the power 
requirement of the feeder generation and ensuring the 
batteries’ charge and discharge limits are not 
exceeded, and operate at a round trip efficiency of 
90%. 
6) The expected power requirements of the feeder should 
not decrease below 5% of the Transformer rating to 
allow for unexpected drops in demand, peaks in 
power produced by PV from intermittent days and 
switching over lines with high PV concentrations. 
IV. SIMULTATION RESULTS 
The simulation for each of the PV cases listed in Table II 
produced the results in Figure 6, which shows the effect of 
introducing varying capacities of PV systems onto the feeder 
on a typical sunny day. 
 
 
Figure 6.  Load curve with varying PV penetrations, on a sunny day. 
 
Capacities at and greater than 24% PV penetration result 
in reverse power flow during the peak radiation times, while 
the night time peak for each of the systems remains 
unchanged. The 24% PV penetration case will be the focus 
for the remainder of the analysis, to see issues that arise from 
introducing PV into the simulations.  This is a level of 
penetration currently experienced on some Energex SEQ 
feeders.  
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A. Intermittent Power Supply 
An issue that arises from the introduction of PV systems 
onto the grid is a rapidly varying demand for power. Altering 
the solar radiation using values collected from UQ’s solar 
photovoltaic data [14], the difference in output between a 
sunny, intermittent and cloudy day can be easily seen in 
Figure 7. 
 
 
Figure 7.  Load curve with 24% PV and varying solar radiation. 
 
This graph illustrates the variation in output from the 
panels that can be expected. While cloudy days closely match 
a residential load curve without PV and the sunny day results 
in reverse power flow, the intermittent day has a sporadic and 
unpredictable curve. One of the concerns for this issue is 
having a power generation system that can maintain the LV 
customer voltage within specification during these rapid load 
variations on the LV lines.   
 
B. Reverse Powerflow 
Reverse power flow may cause potential errors in 
protection systems where in some cases they have been 
designed to identify a fault in one direction.  In addition to 
this, controlling the power requirements of the line becomes 
much more difficult as there is a greater swing from the 
minimum to maximum demand. In Figures 8 and 9 below, the 
reverse power flow has been removed by the introduction of 
BESS in all battery cases. With the batteries being placed in 
the line, there is a significant improvement in the power flow 
as it moves back into a more ideal operating region.   
 
 
Figure 8.  Load curve with 24% PV and BESS on a sunny day. 
 
 
Figure 9.  Load curve with 24% PV and BESS on an intermittent day. 
 
From the two figures, in all three sunny, intermittent and 
cloudy days, each of the battery configurations have 
comparable performances. The most notable difference is the 
at the lowest point on the intermittent day, where battery case 
3 was slightly better at keeping the power required constant. 
Although the performance is marginally better at controlling 
intermittent changes in power output, having many smaller 
systems may impose restrictions on the grid in future.  With a 
number of smaller systems, software upgrades, maintenance 
and compliance may be harder and more time consuming to 
implement and monitor for the benefits gained. 
 
To achieve the most effective sizing for batteries, each 
BESS configuration will require a different charging and 
discharging strategy.  When there are many smaller battery 
units on the line it requires a complex system that has the 
ability to quickly interact with the other batteries and their 
availability on the feeder.  This is opposed to having fewer 
larger batteries on the feeder, which have less possibility for 
changes to the system. By having an effective charging and 
discharging strategy, it will allow less variation on the LDC. 
  
The varying amounts of energy required over 15 minute 
intervals with data included from the 3 different solar 
radiance days are shown in the LDC in Figure 10.  
 
 
Figure 10.  Load duration curve with 24% PV and BESS. 
 
Base
24% PV 
Case 1 BESS 
Case 2 BESS 
Case 3 BESS 
Base
24% PV 
Case 1 BESS 
Case 2 BESS 
Case 3 BESS 
Base
24% PV 
Case 1 BESS 
Case 2 BESS 
Case 3 BESS 
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This depicts how batteries could work to reduce peak 
loading, identified as one of the key drivers for the 
requirement to upgrade whole feeders in order to cope with 
the increase in capacity. The minimum energy requirement is 
also an issue. When PV is introduced into the system, it 
lowers the minimum demand, complicating voltage 
regulation. Including batteries allows not only for the energy 
requirements to reduce in variation, but also allows feeders to 
essentially reduce the capacity that they are running at on 
peak days.  With more control of the load, the voltage will 
also be easier to control. 
 
C. Voltage Regulation  
As it is a statutory requirement for Energex to keep the 
voltage within ±6% [2], the voltage rise associated with PV 
systems may push the voltage outside this range. The largest 
voltage range will be seen at the end of the line, there are 
minimal differences in the maximum voltage along the line as 
this occurs during low load times. However, as the lower 
voltages occur at peak loads there will be more losses, so it 
will see the greatest drop in voltage. Figure 11 shows the 
maximum and minimum voltage on each phase that the: base 
case, 24% PV penetration case and PV with each battery case 
will see. 
 
 
 
Figure 11.  Voltage max and min with 24% PV and BESS 
 
While the 24% PV case will only increase the maximum 
by 3V to reach a maximum of 248 V, the LV line remains 
within regulation limits. However, it illustrates the rise that 
occurs from including PV and also how including batteries 
increases the minimum by approximately 1.5V and decreases 
the maximum by 1.5V.  To compensate for the rise that 
occurs from introducing batteries the tap setting on the 
transformer can be changed.  The improved voltage profile 
along the entire line is illustrated in Figures 12 and 13, which 
shows the variation in voltage during the day along the Line. 
  
 
 
 
 
 
 
Figure 12.  Line voltage profile with 24% PV.  
 
 
Figure 13.  Line voltage profile with 24% PV and BESS. 
 
The BESS system reduces the maximum voltage seen at 
the start of the line during the minimum load from slightly 
above 248 V to just below.  However, the greatest effect of 
battery storage is at the end of the line during the peak load as 
the load is decreased, therefore line losses are reduced. 
V. COMPARISON 
From the simulated results, it is clear that BESS worked 
well to smooth load curves and control the voltage.  To find 
the best combination of PV and BESS, figure 14 shows the 
relationship between power generation required for the feeder 
and the level of PV penetration when no BESS is included. 
 
Figure 14.  Minimum power required from feeder generation. 
 
24% PV with Case 1 BESS Line Voltage Profile
24% PV Line Voltage Profile 
Minimum Power Required at midday with no BESS 
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The relationship between the power required by the feeder 
generation and the capacity of PV installed on the feeder 
follows the linear trend in (1).  
 
                     P =  –19.85ρ+436.9                                   (1) 
 
      where        ρ        % PV penetration 
 
With a BESS installed, the relationship follows Figure 15. 
 
F
igure 15.  Minimum power required from feeder generation with BESS. 
 
This also follows a linear relationship described in (2). 
 
P =  –17.35ρ+554.2                                  (2) 
 
Equations (1) and (2) will be used to determine boundary 
points for PV capacity and BESS recommended levels of 
installation.  For a feeder with PV systems installed, no BESS 
will be required if the load, with full PV capacity available, 
remains above the nighttime trough as this will remain in a 
controlled range.  A suggested minimum load with full PV 
capacity should not drop below 5% of the transformer 
capacity to reduce likelihood of reverse power flow or too 
large a load swing. To assist with controlling the performance 
of the feeder a BESS should be considered being installed. If 
the expected load drops below 5% of the transformer capacity 
when a BESS is installed, then any PV installations above 
this capacity should be restricted. 
 
Using the constraints mentioned above and Figure 6, 
which displays the effect of varying levels of PV penetration, 
three significant points of PV penetration can be found:  
1)  Nighttime trough load with no PV = 16% 
transformer rating and no battery. 
2)  Minimum expected load = 5% Transformer 
rating and no battery. 
3)  Minimum expected load with a 150 kWh 
BESS per line. 
 
Using the equation determined in Figure 14 for case 1 and 2 
and the equation from Figure 15, the calculated level of PV 
penetration at these points can be seen in Table IV: 
 
 
 
 
TABLE IV      PV CAPACITIES AT VARYINGS LOADS 
 
Case Generation Required (kW)  PV (%) 
1 330 (no BESS) 6 
2 100 (no BESS) 17 
3 100 (BESS) 26 
 
VI. RECOMMENDATIONS  
The following recommendations can be deducted from the 
study. The percentage of PV systems that may be installed 
onto one feeder should lie within an allowable range, in order 
to uphold control and integrity of the feeder, provided the 
utilisation of the feeder is not over or under utilized. From the 
PV percentages found in Table IV, the recommendations for 
when BESS are required for various levels of PV penetration 
are shown in Table V. 
 
TABLE V      RECOMMENDATION FOR BESS AND PV INSTALLATIONS 
 
Case Min. PV (%) Max. PV (%) 
No Storage Required 0 6 
BESS for Control 6 17 
BESS for Power flow 17 26 
Restrict PV growth > 26 -
 
This will allow the prevention of reverse power flow, 
allow the voltage to remain within the statutory requirements 
and smooth out the load curve from fluctuations and reduce 
large swings on the load duration curve. In doing so, it will 
mitigate the issues impeding PV growth on the network, 
allowing for a higher capacity of PV installed on the network 
as well as reduce peak load requirements of feeders.  
 
VII. CONCLUSIONS 
Integrating PV systems with BESS in the distribution 
network will be essential to allow for continued uptake of 
domestic PV system installations. With the increasing 
concerns regarding environmental and climate change issues, 
incorporating sources of renewable energy into power 
networks across the world will be key for a sustainable 
future.  The issues associated with a rapidly growing number 
of PV systems on the grid can be mitigated and potentially 
even removed with the inclusion of BESS. Key concerns 
include the intermittency of supply, increase swing of load 
requirements, reverse power flow and voltage rises were 
address.   Using the simulator tool GridLAB-D with a model 
of a typical SEQ Feeder, the effects of various configurations 
of PV systems were offset with BESS. This found that when 
PV installations exceed 17% of the transformer’s capacity, 
BESS should be included and when PV installations exceed 
26%, growth should be restricted. 
 
 
 
Minimum Power Required at midday with BESS
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